To assess FPSO condition, it is necessary to adjust the inspection process and the inspection planning in accordance with the safety target. Crack propagation may be a leading criterion for designing inspection planning and repair planning. In order to realistically anticipate the possible propagation of either cracks not detected during inspection or cracks initiated after this inspection, a joint research project between three French companies (Nexter Systems, CETIM, and Bureau Veritas) has been carried out to obtain improved approach. This approach involves various steps of fatigue crack behavior leading to failure. This paper presents a part of this research dedicated to the development of tools applicable to FPSO structural assessment. This method takes into account the analysis of simultaneous crack propagation. It involves interaction between these cracks. This technique avoids successive re-meshing all along the crack path. Multi-crack initiations are calculated using a multi-axial fatigue damage criterion based on a local approach. A Line Spring Method coupled with a fitted structural stiffness condensation method is used to calculate the stress intensity factors, with a view to determine the crack propagation rate. This method allows monitoring the redistribution of the stresses generated by crack opening. This approach has been then validated on a welded mock-up, which was designed to provide several crack locations in different zones of the structure. An extended instrumentation of this welded structure has allowed tests to check accurately crack initiations and to follow crack propagation. The results are in good agreement with calculation predictions. This approach is now used to assess fatigue crack propagation in a FPSO. An example is provided on a welded connection between bracket and longitudinal stiffener, on the transverse bulkhead where a propagation of four cracks has been followed. This analysis shows an important gain in the fatigue life span prediction versus current fracture mechanics analysis. This gain is mainly due to a better interaction analysis between local cracked area and global structural behavior.
INTRODUCTION
The aim of a fatigue analysis on welded complex structures such as ships or FPSO (Floating Production and Storage and Off-loading units) is to evaluate the damage due to crack propagation that sometimes leads to the failure of part of the structure. These structures are submitted to fluctuated and repeated loadings such as wave actions and/or loadingunloading operations. Until now, the fatigue failure has been over-estimated by the use of S-N curves, failing to take into account the stiffness variation during the crack propagation, i.e. the transfer of the loads from the cracked structures onto the uncracked part of the structure leading to very short life span prediction.
The original feature of the methodology consists first, in the use of Line Spring Method introduced by Rice and Levy (1972) to condense the behavior of a whole structure on a line of n couple of nodes. The compliance coefficients resulting from this approach are evaluated, only once, on the use of finite shell element codes. This method can be applied for curved shells rather than plates. It is of considerable interest in the fracture resistant design of pipelines, reactor vessels, pressurized fuel tanks and other plates and shell structures.
From this single data comes the ability to follow stepby-step the stress field evolution as a result of all types of loadings: first the crack initiation, result of the accumulated damage, and then the propagation until failure, for all the nodes which define the crack. Another originality of this study is to first treat the crack initiation which spends a lot of the life span cycles of these structures. This phase is performed by using SN curves or a local approach, taking into account the residual stress fields, notch and plastic corrections. This step introduces a new concept of initiation/propagation. This performance is essential and fundamental insofar as the crack propagation all along the defined crack line is drawn here, node by node. Thanks to the calculation of the stress redistribution for both surface cracks through the thickness of the plate and through cracks, the propagation is performed using Fracture Mechanics Theory to estimate stress intensity factors for various loads.
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METHODOLOGY
The aim of the methodology is to forecast as accurately as possible the fatigue crack initiation and the fatigue crack growth in industrial components that have been submitted to fluctuated and repeated loads. These loads can be represented by a combination of unitary loads or modes if the response of the component is linear elastic. To take into account the discontinuity of the presence of a crack which induces non-linearity effects, the mathematic models generally use the contour integral evaluation related to the energy release rate. That action implies re-meshing after each propagation step. Re-meshing is very time consuming. The stress intensity factor is one of the most important parameter responsibilities of the crack propagation. It depends on the notch geometry and on the stresses on the crack lips. It is well known that the fatigue crack propagation varies exponentially with it. Therefore, with the use of both Line-Spring and the stress intensity factors to determine the stress field, success is achieved accompanied with very easy implementation. This method allows taking into account the stiffness variation during crack propagation, impossible with analytical solutions, without re-meshing. Hereafter, we present the methodology of an analysis performed on a ship deck beam with thanks to the method and the software, SAPHIRS.
POSITION OF THE CRACKS
There are several aims when predicting cracks in structures. Sometimes, there are no visible cracks in a structure, but the presence of hot spots is a good indicator towards the prediction of the places some cracks begin to form. Other times, there are already existing cracks, and then the life span before the failure must be predicted. It is possible to use this methodology after a repair with a dual purpose: to see if the new stress field improves the behavior or to take into account the full cumulated fatigue of the structure to predict the behavior with new loads.
For all these scenarios, the finite element model must be carefully performed with shell elements including all the directions of loads that the structure encounters. This first and very important step establishes stress cartography. From these results with the use of the concept of hot spot, we are able to define the position of one or several cracks. The experience showed that the position of the cracks is more commensurate with the structural geometry, rather than the forces directions. However, the software leaves open the ability for a crack possibly growing due to a force's direction, and somewhere else, growing from another force's direction. But most importantly is the software which has the ability to consider the interactions between several cracks (Fig. 1) .
Fig. 1: Four hot spots
The process needs to know a priori the crack path. So it has to be determined, and the simplest method is to use the principal stress directions (Fig. 2) . The main assumption consists of setting the crack path in a direction perpendicular to the maximum principal stresses whose directions are the eigenvectors of the stress tensor. So the first step is to determine the stress field of the component to be able to draw the path of the hot spots. Often, the hot spots appear at an intersection of two sheets. But here the crack must be defined at the weld toe position for the connection between the bracket and the web, even if no weld has been modeled. Other hot spots appear in the flange and in the web. Wherever the hot spots take place, it is possible to build one or several part-through cracks, by one or several lines of coupled nodes. 
THE LINE SPRING METHODOLOGY
The Line Spring model was introduced in 1972 by Rice and Levy to estimate stress intensity factors due to tension and bending in large plates containing part-through surface cracks. He essentially reduced the three-dimensional problem to a two-dimensional one, in mode I. This model has been extended to the modes II and III by Desvaux (1985) . The idea was to analyze the part-through crack as a several single edged specimen, the cracked structure part (Fig. 3 ).
Fig. 3: A several single edge specimen
The crack is defined as a line of couple of nodes, with same coordinates, and separated. The both nodes simulate the crack, each node located on each crack lip.
The Line-Spring model is based on the fact that there is a relationship at each point along the cut, between local displacements and the loadings, the compliance coefficients. Then, from the point of view of the plate, the surface crack is represented by a through-crack with a continuous distribution of generalized springs connected across the line of discontinuity, the Line Spring (Fig.4) .
Fig. 4: Line-Spring
After the crack has been defined as above (Fig 4) , the backbone of the software can be set up. The compliance coefficients, the S ij pq matrix, are defined by the additional relative displacements and rotations due to the crack's presence. Thanks to a finite element calculation, the second one being the displacements of the crack lips, δ i p are determined for each couple of nodes i, in the direction p, resulting in an unitary force F j q , exerted on the couple node j in the direction q, in order to build the compliance matrix. It is the same to evaluate the displacements of the crack lips on each couple of node i, d i p∞ due to external loads, F ext , which are applied on the fullycracked component. These loads may be unitary and exerted on any point on the structure and according to any direction. The displacements will be then worked out by an easy linear combination.
Thus, for the desired crack shape, the resolution kernel of the methodology is to find loads {F}, and {d i p } to solve:
This first equation lets us verify the stress distribution along the virtual crack, when there are no cracks yet, i.e., δ i p =0.
Principal Stress Directions
Lower crack tip The stresses on the intact structure are again evaluated from the equation:
At the end of this step, all the behavior of the structure followed by the behavior of the crack is condensed in the S ij matrix.
CRACK INITIATION
The crack propagation process always begins by the crack initiation. This step is fundamental for the next propagation step. The shape of the crack front is drawn by the stress field distribution. If the stress gradient is important, the initiation and then the propagation will occur in the hot spot and its neighborhood. If the stress gradient is small, the initiation will go off gradually, and the crack will extend first along the surface. It leads to a multi-initiation of the crack. All these phenomena are taken into account in the software. In this phase, the damage is cumulated cycle after cycle, either by a local approach or by an SN curve approach.
Local approach:
The local damage calculation (module CALEND) is the result of Petitpas's (2000) works. It uses the local stresses determined by the precedent step. For designing welded components, it allows you to take into account stress concentration factors K t to evaluate the stress tensor at the weld toe. Residual stresses can be included, too. As the local stresses are often greater then the yield stress, a plastic correction has to be done. Then a fatigue stress criterion is calculated on different planes of the stress tensor (using Dan Van criterion) and damage is accumulated (using Miner's rule and Basquin's law) on extracted cycles (using Rainflow counting). Finally, damage is taken as the maximum damage obtained on all planes of the stress tensor, and the crack initiation occurs when damage at a node is given and exceeds a critical value. In each point where the damage is grater than the critical damage, it is assessed as an initial flaw, generally the 1/10 th of the sheet thickness. After that, the propagation may occur.
SN curve approach:
This treatment of the initiation phase is built on the initiation SN curves, which supply the probability to get an initial flaw, after N i solicitations under the stresses, S ij , on the couple j. This probability is supposed following a Weibull distribution, with two parameters α and β. The crack initiation occurs when the probability at a node is over a given critical value. Those critical values may be different if the non-homogenous surface weld toe is taken into account This step allows initiating the crack by laying an initial flaw with a given size, a 0 (Fig. 5) .While the crack grows on this node (Fig.6) , the other nodes will initiate at their turn. So, this phase allows the crack propagating through the thickness of the sheet, but also, in the direction parallel to the sheet. The crack propagation diagram may be summarized as follows: 
CRACK PROPAGATION: PART THROUGH THICKNESS CRACK
The crack grows from each point where the initiation has occurred. The fundamental idea is that the perfect knowledge of the crack lips displacements allows for determining the factors K I which govern the crack propagation.
The Tada coefficients A ij are used in the equation (4) to set up relations between the forces acting upon the crack lips and the crack lips opening displacements. They depend only on the ratio l/h, (l: crack depth and h: plate thickness), and vanish when l=0.
Then, for any crack depth, it is easy to find the displacements δ i p , and the forces F j q , by solving both (1) and (4). Now the Irwin's (1957) relation in potential energy accompanying a variation of crack depth and the stress intensity factor are employed as a basis for calculating the stress intensity. The stress intensity factors, first in mode I, K I from Tada (1978) and then extended to the modes II and III, K II, K III by Desvaux (1983) may be expressed as follows, in every cracked point, j:
Flaws on the surface Plate thickness 
Then, for every crack depth on each node belonging to the crack line, the three stress intensity factors are evaluated according to the loads acting on the structure. In the structures, we study the mode I because it is the most preponderant crack propagation. Then, the crack propagation rate follows the Paris law:
∆Ks: the threshold stress intensity factors ∆K I =K I,max -K I,min
The crack propagation through the plate thickness goes cycle after cycle until a failure criterion occurs. After every propagation step, an update of the defect size is performed, and the equations (3) and (4) are solved again. The software proposes three failure criteria:
• Ductile criterion
When one of these criteria is realized, the ligament breaks and the crack becomes a through thickness crack.
THROUGH CRACK BOX: THE CRACK BOX TECHNIQUE
It is important to emphasize that the stress intensity factors calculated with Tada coefficients are available for crack propagation in the depth of a plate. When the ligament rupture occurs, the crack propagation extends in a longitudinal direction parallel to the plate (Fig. 7) .
Fig. 7: Three crack configurations
The Crack Box idea, developed by Lebaillif (2005) , is set to use the technique of sub-modeling: the displacements of nodes located in the neighborhood of the cracks, determined in the same way of the crack lips displacements, are used to drive a 3D sub-model of the structure, including the crack tip which is meshed using fracture mechanics elements (Fig.8) .
Fig. 8: Crack Box Technique
Thus, the stress intensity factors are previously calculated at all the crack tip nodes of the sub-model, with unitary displacements applied at its border. Next, the three stress intensity factors are easily calculated using a linear combination with the displacements in each mode.
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CONNECTION OF BRACKET AND LONGITUDINAL STIFFENER
Structure description
This approach is applied to the connection of bracket and longitudinal stiffener, and the connection of the bracket and the stiffener with the transverse bulkhead.
The dimensions of the studied zone are: (Fig.9b) 
Fig. 9b: Crack's Picture
The first step is to determine the hot spot stress areas in the structure induced by the wave cycles and the loadings. The structure is represented here after, within the modeled cracks, assumed to be in the hot spots stresses (Fig. 10) . The four cracks are located in the hot spots, in the direction perpendicular to the principal stresses. The influences of the opening crack displacements on the other cracks are taken into account in the compliance coefficient matrix.
Fig. 10: Prediction on the cracks in the structure
Loads
We show hereafter the time history loadings, acting on the structure. As we well know that the crack propagation depends strongly on the time history loadings, we have decided to spread over the loads encountered during 100 years, in some time history periods of 48 months, repeated as far as it is necessary, until the complete crack failure. The loading histories are all the sea states significant heights encountered by the ship during its life. Each sea cycles is supposed to last 6 hours, i.e. 1,200 cycles. The diagram below (Fig. 11) shows the significant height distribution state. 1.8 1 5 7 6 7 6 0 3 7 4 3 8 2 5 1 1 4 7 7 1 4 8 9 3 2 1 0 2 4 1 1 2 4 7 4 5 4 3 6 8 2 2 6 2 3 4 1 7 9 3 3 9 8 9 9 6 5 9 7 1 4 8 2 5 9 6 6 8 3 1 3 7 1 7 1 8 7 2 2 1 7 2 1 1 1 4 1 0 2 9 3 2 7 1 4 8 5 1 1 4 7 3 7 4 3 8 2
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Fig.11. Significant heights waves of loading histories
The crack path has been determined thanks to the principal stress directions. The springs distributed along the crack path accurately give the behavior of all the structure reduced to the crack. The crack is modeled by a 4 lines of doubled nodes, defined by the Line Spring (Fig. 12) . It is possible to point out the complete behavior of the crack propagation from the initiation to the total failure.
Fig.12. Line-Springs
In this example, the stress distribution displays a large gradient due to the position of the crack 1 at the intersection of the flange and the web. The stress distribution before initiation is shown in the diagram (Fig. 13) . In the initiation phase performed by calculating the cumulated damage obvious in connection with the stress amplitude, we can expect an initiation in the crack 1 first and in the crack 2, followed by the cracks 3 and 4. The crack 2, which is in the intersection with the crack1, initiates when the crack 1 goes through the plate thickness on the point 9. (Fig. 13) 
Fig.13. Stress distribution along the 4 crack paths
RESULTS
The SAPHIRS calculation has been performed with the exposed history. First, the crack initiates in the flange at the intersection of the flange and the web, after a period of 30 months cycles. The initial defect size is taken as 1 mm. Then the crack grows only at this point to reach the thickness of the plate (Fig 14) , and then the crack 2 initiates after 38 months. In the same time the crack grows in the direction parallel to the flange. The crack extends, but no point initiates. There is a competition between the initiation and the crack propagation. The damage induced by the fatigue accumulation increases because of the stress redistribution but stays below the critical damage, while the crack length extends. 
Damage calculation
The damage accumulation according to the load cycles is performed for the crack points not yet initiated. The stress redistribution mechanism is effective. We can see from the diagram (Fig 15) the damage increase at the step 8,240,800 cycles, because of the stress redistribution on the nodes not yet initiated. It allows a quicker initiation but, in this case, there is a competition: the crack extends quicker than the damage reaches the value of 1, and the crack grows in the thickness before other point initiate.
Fig.15. Damage Calculation according to the load cycles
In the same time, we can follow the behavior of the other cracks. We now show the front crack propagation on the crack 2 located in the web. The crack begins, when the crack on the first node in the crack 1 reaches the thickness. Here the crack increases in the depth because of the stress gradient value, not so important in the crack 2 than in the crack 1 (Fig.16) . On the crack 3, (Fig.17) , we can see the initiation takes place in the first point, at the crack start, after 38 months of load cycles. The initiation occurs a few cycles after at the end on the crack 3, and at the start of the crack 4 (Fig.18) . After the initiation, on every crack, it is possible to follow their growth across the thickness, and parallel to the sheet. Fig. 17b shows more accurately the description of start and end. We have developed here a general strategy to evaluate the influence of the 4 cracks together. The results show the crack propagation of the crack 1 influences strongly the crack 2 redistribution due to the compliance of the crack 1 affects the crack 2 behavior. The positions of the cracks 4 and 5 don't seem to be affected by the added compliance due to the presence of the cracks 1 and 2.
To verify this assumption, one analysis has been performed taking into account the cracks 1 and 2. And other analysis has been performed to study the cracks 3 and 4 lonely. The results showed no influences between the two series of two cracks. The life span time duration seems very short, but the assumption of the loads history is very severe. As all the Fracture Mechanics analyses, the time load histories is a major parameter on the crack propagation, and it is very important to choose it very carefully.
Other type of structures
Structure with two cracks
This approach has been applied for validation on a welded structure experiment. A complete instrumentation and test on this welded structure has allowed us to precisely determine crack initiations and to follow crack propagation. These results have been exposed in a thesis by Lebaillif (2006) , [VERICRACK is the commercialized name of SAPHIRS]. The model with two cracks is shown hereafter (Fig.19) 
Fig.19. Cracks in a hold
The crack fronts are given here to show another crack mechanism, different than the previous one (Fig. 20) . The figure 20 shows the crack fronts in different colors, every 10,000 cycles, and the figure 20b gives the color meaning of the curves on figure 20. The first crack grows after an initiation period of 220,000 cycles. It continues growing in the thickness direction during 420,000 cycles. After that, it grows in the direction parallel to the plate. In the same time the other crack begins initiating when the precedent crack reached a length of 200mm after 640,000cycles. Fig. 21a and 21b show the experiment results in red. As can be seen, they are in good agreement with the calculations shown in yellow. 
More practicalities in the SAPHIRS process
We have seen the crack information expressed out of the SAPHIRS process: Damage, stress, crack growth through the thickness, crack length. But other types of very interesting results can be used such as the case of the gauge stress and gauge strain. As a matter on fact, during each step, cycles after cycles, the stresses and strains are determined on the gauges, situated in the neighborhood of the crack. This information is confirmed as very useful. While more often than we want, the cracked spot is out of reach. The following gauges results let us to follow the crack evolution thank the software results.
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CONCLUSION
An overall methodology has been introduced to forecast crack initiation and propagation without re-meshing. As the structure behavior is roughly linear, the principle of superimposition has been used in the SAPHIRS code. This method rounds up a lot of strong points: realistic stresses, local approach initiation, easily calculable stress intensity factors, several cracks with their interactions. It has been applied on typical connections in a FPSO, and we have seen that lots of data are accessible to monitor the crack propagation. The fundamental idea is that the perfect knowledge of the crack lips displacements allows for determining the factors which govern the crack propagation. Taking into account realistically the propagation phenomena seems the right way to lead to a life span close to reality. With this methodology, the propagation follows its own life, and the shape of flaws is not considered as a hypothesis, as in the case with an elliptic defect using analytic expression of stress intensity factors. The shape of the extending flaw depends at this point on the material response to the environmental loadings. The results performed in the software have shown that the code is efficient and easy to carry out. The proposed practicalities proved that the tool is sufficiently open to help operators to make decisions for inspection, repair, and the maintenance process.
